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Abstract 
 
Recently, bio-inspired engineering technologies have showed successful results in various 
product developments such as industrial and medical care, and attract attention. On the other 
hand, in small wind turbines, which are one of rotating fluid machineries, although the basic 
fluid-dynamic design methods have been developed, it is currently not possible to respond to 
demands such as low noise emission and expansion of operation range. In this study, to consider 
the solution by the bio-inspired technology, the author studied the aerodynamic effects of 
comb-like micro structures on the leading-edge of owls’ wing, called “leading-edge serrations”, 
for noise reduction and flexed blade design inspired by bird wings for improving efficiency. 
The leading-edge serrations are well-known to be responsible for low noise gliding and 
flapping flights, but the findings on its aero-dynamic and -acoustic role have been diverse or 
even controversial. The author conducted an experimental study of the morphological effects of 
leading-edge serrations on aerodynamic force production by Ural owl-inspired, single-feather, 
clean and serrated blade models with different serration lengths and spaces, and by combining 
force measurement and particle image velocimetry (PIV). Force measurement result shows that 
an increase in the length and density of the serrations leads to a reduction in the lift coefficient 
and lift-to-drag ratio at angles of attack (AoAs) < 15° whereas the clean and serrated blades 
achieve comparable aerodynamic performance at higher AoAs > 15°, which owl wings often 
reach in flight. From the PIV result, the serrations performed passive flow control of the 
laminar-turbulent transition to suppress the flow reattachment to reduce flow fluctuations in the 
vicinity of the leading edge on the suction surface.  
On the other hand, inspired by bird wings that enable robust aerodynamic force production 
and stable flight, the author studied a biomimetic blade design for small wind turbines that is 
capable of achieving a high integral power coefficient, Cp, over a broad range of tip-speed ratios, 
, and hence enhances robustness in aerodynamic performance. In particular, an aerodynamic 
effect to apply flexed wing morphology of birds to a basic blade of small wind turbines was 
investigated with computational fluid dynamics. The results demonstrated that the 
swept-forward shaped portion proximal to blade root augmented Cp at smaller , whereas the 
distal swept-backward shaped portion improved Cp at larger . Furthermore, an optimized 
flexion blade was designed by a morphology optimization and showed a remarkably improved 
Cp over a broad range of . To evaluate the aerodynamic robustness under variable tip-speed 
ratios in an integral way, a new Robustness Index (Ri) was proposed. Evaluated Ri indicated that 
the optimized-flexion blade outperforms a conventional blade based on Blade Element 
Momentum Theory by 8.1%, indicating marked robustness in power output. These results 
indicate that biomimetic blade designs can be practical and effective methodologies for the 
recent requirements of small wind turbines. 
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Chapter 1 
General introduction 
 
Wind power is a promising renewable energy source for replacing conventional fossil fuels 
with zero carbon dioxide emissions, low-cost installation, and high wind-turbine power 
generation efficiency of up to 45%. Wind energy production is now becoming a key part of the 
sustainable energy industry, but it is facing new challenges of reducing turbine costs, increasing 
wind farm size, and breaking technological limitations on turbine designs. The global amount of 
installed wind power capacity has been continuously growing since the early 2000s, exceeding 
150 GW in 2009; it is generated mainly by large-scale wind farms with gigantic MW-class wind 
turbines with diameters of more than 50 m installed in spacious areas onshore or offshore where 
high wind energy resource potential is expected (Leung and Yang, 2012). Suitable locations for 
wind farms, however, are limited in number, and the installation costs of large-scale wind 
turbines are expensive. On the other hand, small-scale wind turbines for areas of low wind 
potential such as urban or residential sites have recently attracted more attention (Wood, 2011; 
Karthikeyan et al., 2015). Wind turbines with power capacities and rotor diameters are less than 
20 kW and 10 metres, respectively, can be classified as small wind turbines, for which typical 
uses are small-grid power generation for remote communities (mini class: 20 kW of power, 5 m 
in radius), single remote houses (mid-range class: 5 kW of power, 2.5 m in radius), remote 
telecommunication, or power generation for equipment on boats (micro class: 1 kW of power, 
1.5 m in radius) (Clausen and Wood, 1999). In feed-in tariff (FIT) of Japan, the price for power 
generated by the small wind turbines was set to a high price of 55 yen / kWh until the end of 
2017 (see the web page of Agency for Natural Resources and Energy in Japan), it can be said 
that the expectation is high.  
Although the small wind turbines have the advantages mentioned above, there are also 
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Fig. 1.1 A horizontal axis small wind turbine in the Odaiba marine park (left), and 
vertical axis small wind turbines put beside buildings (right). 
problems: low noise emissions and large power generations. Because of their installation 
location near the residential environment like Fig. 1.1, the acoustic noise reduction is regarded 
as an important subject, but the noise emissions are enhanced by the turbulent flow which the 
environment induces (Rogers and Omer, 2012). Also due to the wind conditions, the wind 
turbines need to operate with various wind velocities and rotor speeds, that is, at a broad range 
of tip-speed ratios (i.e., the ratio of the blade tip speed to incoming wind speed). Generally, a 
blade shape of the wind turbines is designed to operate within a narrow range of tip-speed ratios, 
so the changing greatly affects power generations of the wind turbines. In this study, 
bio-inspired technologies were examined for these problems. 
Bio-inspired technologies, that understand creatures’ structure which have been developed 
and optimized in the process of evolution and apply it to industrial products, are attracting 
attention in recent years. With this technology, new design variables can be appropriately set by 
referring to the creature’s structure having the desired function, so that it is possible to shorten 
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the trial and error time of parameter selection compared with the conventional parameter-sweep 
experiment. You can see a lot of news on products using the technology such as injection 
needles inspired by tongue of mosquito, adhesive tape by sole of gecko’s foot, and antireflective 
sheet by moth’s eye (Liu, K., 2011). 
In the following, two types of bio-inspired design were examined in relation to reducing 
aero-acoustic noise and enlarging the operation range, that is, improving the robustness of 
efficiency. The one is the leading-edge serrated structure of the owl, which is considered 
effective for noise reduction, and the other is the swept-forward and -back shape of avian wings, 
which is supposed to contribute to the stable flight of birds. Owls’ leading-edge serrations have 
been studied for their effect on wing performance and noise reduction including small wind 
turbines before, but the detail relationship between the shape and aerodynamic characteristics 
has not yet been fully elucidated. About the blade with flexion shape, there are a few studies 
with large wind turbines, but no research cases aiming at expanding the driving range are seen. 
In Chapter 2 and 3, experimental and numerical simulation methods used in this study is 
introduced. In Chapter 4, the author mentions an experimental study of the aerodynamic force 
and flow field of fixed blade with leading-edge serrations of various shapes to investigate these 
aerodynamic effects. In Chapter 5, a numerical study about small wind turbine blades with 
flexion shapes inspired by birds’ wings is also mentioned. Chapter 6 shows these summaries. 
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Chapter 2 
Experimental setups 
 
In this study, aerodynamic force measurements and PIV-based flow visualizations for a 
fixed blade model with owls-inspired serrations on the leading-edge were performed to 
investigate the aerodynamic effects in a circuit type, low-speed wind tunnel. Aerodynamic 
performance of a small wind turbine rotor with bird-inspired flexed blades was also measured 
for validation of computational fluid dynamic (CFD) simulation results. Below, these 
experimental methods are described.  
 
2.1 Low-speed wind tunnel 
Experiments to measure aerodynamic characteristics of single blade model or a rotating 
blade of small wind turbine were conducted using a low-speed wind tunnel. Fig. 2.1 shows an 
image and appearance of the wind tunnel. It generates a wind by a multi-blade fan covered with 
a sound-muffling box, and the speed is controlled by changing a frequency of the electric power 
applied to the motor with an inverter (FREQROL-F500, Mitsubishi Electric Corp., Japan). The 
wind speed can be set within the range of 0.5 to 11.0 m/s. The wind is stabilized to 2% or less of 
turbulence intensity by passing a honeycomb screen, five metal grids and a concentration part. 
The specifications are shown in Table 2.1. For adjusting the wind speed, an anemometer 
(6501-00, KANOMAX JAPAN Inc., Japan) was used. A combined transmitter (PTU303, 
VAISALA Corp., Finland) was also used to measure the temperature, humidity and pressure of 
the atmosphere at the concentration part in the wind tunnel to calculate the air density  by the 
following equations (Murray, 1967). 
 









P
PhP
T
sat
100
378.01
25.101315.273
15.273
293.1  (2.1) 
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Fig. 2.1 Perspective view of a low-speed wind tunnel: a schematic layout (upper) and a 
close-up photo of the test section (lower). 
3.237
5.7
101078.6  T
T
satP  (2.2) 
In these equations, T (degree Celsius) denotes the air temperature, P (hPa) is the absolute 
pressure, and h (%) is the relative humidity. Psat (hPa) is the saturation water vapor pressure and 
Eq. (2.2) is given by Tetens (1930). 
The size of the test section is 1 m × 1 m × 2 m, and it is covered with a transparent acrylic 
plate of 10 mm thickness for flow-visualization. Also, the test section can be removed and it can 
be used as an open-type wind tunnel. In this study, the aerodynamic force generated by the 
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Table 2.1 Specifications of the wind tunnel 
Wind tunnel type 
Circuit type,  
closed or opened test section  
Test section size 1 m height × 1 m width × 2 m length 
Fan 
Multi-blade fan with sound-muffling box 
(CLFⅡ-No.4-U-RD, TERAL Inc.,) 
Wind speed range 0.5 ~ 11.0 m/s 
Turbulence intensity less or equal 2% 
Speed control method Changing power frequency by an inverter 
Honeycomb screen 
100 mm thickness, 5.2 mm height,  
8.5 mm pitch. Made of polypropylene 
Metal grids 
Five layers of 0.31 mm wire of SUS316  
with 20 meshes per 1 inch 
 
blade models and the visualization of the flow field near the models were measured in the 
closed-type wind tunnel, and the aerodynamic characteristics of the small wind turbine rotor 
were measured using the opened-type as shown in Fig. 2.2.  
 
2.2 Aerodynamic force measurement 
To measure aerodynamic characteristics of fixed blade model with or without leading-edge 
serrations inspired by owls, small 6-axis load cell, Nano17Ti (ATI Industrial Automation, Inc., 
USA) was used. The load cell has a high-resolution of 1/682 N and can output forces as voltage 
signals. A schematic diagram and picture of the measurement in the wind tunnel are shown in 
Fig. 2.3. The shape of serrated blade models are described in Section 4.2 and shown in Fig. 4.2. 
A jig of plastic support manufactured by a 3D printer was fixed on the load cell, and the blade 
model was attached vertically to the top of it to avoid the gravitational influence. The load cell 
was set on a rotational motorized stage (SGSP-80YAW, SIGMAKOKI CO., LTD. Japan) to 
change the angle of attack (AoA) by rotating the stage. The stage was placed on a laboratory 
jack, and the height was adjusted so that the center of the blade model matches the center of the 
wind tunnel test section. Since Nano17Ti uses semiconductor strain gauges, the output signals 
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Fig. 2.2  Photograph of a wind turbine performance test using the low-speed wind tunnel with 
opened test section (upper) and a schematic diagram of the setup (lower).  
 
are affected not only by temperature changing but also by light. Therefore, parts covering the 
load cell are fabricated and assembled. An amplifier was connected for voltage application to 
the load cell and output signal amplification from the load cell. The output voltage was read 
using a data acquisition device (DAQ), USB-6343 (National Instruments, USA) and converted 
to each force and moment component by a procedure of LabVIEW (National Instruments) and 
recorded. For the conversion, a calibration matrix of the load cell given by BL AUTOTEC, Ltd. 
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Fig. 2.3 Schematic of the force measurement equipment (left) and the photo (right). The 
controller of the rotation stage and the amplifier of the load-cell were put outside the 
test section. A light shielding was attached to suppress the influence of light on the 
signal of the semiconductor strain gauge load-cell. 
 
(Japan) was used.  
The force values under each condition were measured and averaged over 10 seconds at a 
sampling rate of 3000 Hz to obtain the time-averaged (steady) aerodynamic characteristics. In 
the experiment of Chapter 4, measurements were carried out while increasing the AoA from 
-45° to 60°, and it was called as one set of the measurement. The obtained data includes not 
only the aerodynamic force generated by the blade but also the influence of gravity, the 
aerodynamic force generated by the jig and the cover parts, and the thermal drift due to the 
temperature change during a set of measurement. Therefore, the forces under no-wind condition 
and the aerodynamic forces under no-blade condition were also measured to subtract the 
influence of gravity, jig and covers. Also, the influence of thermal drift was considered from the 
difference between data at the beginning and the end of a set of the measurement by assuming 
that the influence of thermal drift appeared linearly during a set of the measurements, measured 
data of same AoA at the beginning and the end of a set of the measurement, the difference was 
estimated and subtracted from those differences. The aerodynamic characteristics of the blade 
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model were evaluated by the following lift coefficient, drag coefficient, and also lift-to-drag 
ratio which are general indicators. 
Here, L represents the lift; D represents the drag; Ab represents the projected area of the blade 
model, including the portion of serrations; and U represents the wind speed.  
 
2.3 Flow visualization 
In this study, flow visualizations by particle image velocimetry (PIV) were conducted to 
measure a flow structure around blade models in the low-speed wind tunnel. PIV is one of 
optical methods to measure instantaneous velocity distribution by mixing very small particles 
called tracers in a fluid and observing the movement of the tracer groups. Generally, the fluid 
seeded the tracers is illuminated with a thin light-sheet, and the scattered light by the tracer is 
photographed intermittently by a camera. From displacements of the tracer groups during the 
two images and the time interval, the distribution of 2-components of flow velocity on the 
light-sheet can be measured without putting any instruments in the flow field. It is called 
2D2C-PIV (2-dimentional 2-components).  
In this experiment, DEHS (di-2-ethylhexyl sebacate) mist was sprayed as tracer particles in 
the wind tunnel at a diameter of approximately 1 m by a particle generator (PivPart14, PivTech 
GmbH, Germany). A Nd-YAG pulsed laser system (LDP-100 MQG, 532 nm, Lee Laser, Inc., 
USA), an optic fibre and cylindrical lens unit were employed to generate a light sheet of 2 mm 
thickness. A high-speed camera, FASTCAM SA3 (Photron Ltd. Japan) with a macro lens (150 
mm F2.8, SIGMA Corp. Japan) was put outside the test section and shot the particle images to 
measure the continuous changing of the flow structure. In order to match the timing of laser 
irradiation and camera shooting, trigger signals were generated by a LC880 controller 
2
2
1
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L
C
b
L

  
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Fig. 2.4 Set-up of the PIV-based flow visualization system: a schematic (left), a close-up 
view (right), and the state of measurement (bottom). A high-speed camera is located 
perpendicular to the laser sheet. A linear stage is used to adjust the spanwise location 
of the laser sheet to fit into the mid-blade. 
(LabSmith Inc., USA). After shooting, the images were processed by the commercial software 
Koncerto Ⅱ (Seika Digital Image Corp., Japan). 
A schematic diagram of this setup and the state of experiment are shown in Fig. 2.4. The 
blade models were horizontally located at the center of the test section with its AoA controlled 
by the rotation stage, which was the same as that used in the aerodynamic force measurements. 
The vertical stream-wise plane at a middle of the blade span was illuminated by the laser 
light-sheet from the top of the test section. The laser-sheeted area around the blade model 
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approximately 70 × 70 (mm) was filmed at 350 fps (frames per second) by the high-speed 
camera with 1024 × 1024 pixels. In the experiment of Section 4.2, the wind speeds at the test 
section of wind tunnel was adjusted to 3 or 5 m/s, and the separation interval of the laser 
irradiation was set to 120 or 70 s, respectively. The AoA was changed from 0° to 20° by 5° and 
30°, 40°. The correlation window, meaning one pixel group in an image, had 24 × 24 pixels 
with 50% overlapped to yield 84 × 84 vectors within one PIV image. The average 
displacements during both the 120 μs and 70 μs intervals was approximately 4-5 pixels, and the 
sub-pixel accuracy was 0.2 pixels (according to the manufacturer), which leads to an estimated 
error of the velocity field between 4 and 5%. The resulting velocity vectors were further filtered 
through thresholds to remove the vectors with relatively higher velocities, which were defined 
by the standard deviation and the median. To evaluate the stability or fluctuation features of the 
flow fields, the distribution of velocity fluctuations in the lift direction was further calculated as 
follows: 
   
n
i irms
VV
n
V
1
2
,, )(
1
 (2.5) 
where V denotes the time-averaged velocity in the lift direction at a point, iV ,  is the velocity 
at t = i, and n is the number of calculated time steps. Term rmsV ,  increases in regions where 
the velocity fluctuation is dense and associated with large-scale flow separations or vortex flows. 
Note that the images from a period of 2 s were processed for all evaluations. 
 
2.4 Wind turbine testing 
In this study, the performance of small wind turbine rotors was evaluated by a tip-speed 
ratio  and a power coefficient Cp
 
as following equations;  
U
D
2

  , (2.6) 
3
2
1
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Q
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r
p


 , 
(2.7) 
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where  (rad/s) denotes the rotational speed, D (m) is the rotor diameter, U (m/s) is the inflow 
speed, Q (Nm) is the aerodynamic torque around the center of the rotor,  (kg/m3) is the density 
of air, and Ar (m
2
) is the area of the rotor disc ( (D/2)2). As shown in Eq. (2.6), the tip-speed 
ratio means the ratio of the speed of the blade tip to the inflow wind speed. Generally, a rotor 
that has greater solidity which means a ratio of projected area of the rotor blades to the rotor 
disk area are driven under greater tip-speed ratio. The power coefficient calculated by Eq. (2.7) 
means a ratio of the power of wind passing through the rotor disc to the power generated by the 
rotor. It is known that the upper limitation of Cp value is theoretically 0.593 (=16/27) by Betz 
(1920). 
To evaluate aerodynamic performance of small wind turbine rotors, the torque and the 
rotational speed were measured in the wind tunnel as illustrated in Fig. 2.2. The rotor was fixed 
onto a rotational shaft that was supported by two bearing units. The opposite side of the shaft 
was connected to a torque metre, SS-050 (ONO SOKKI CO., LTD, Japan) and a powder brake, 
ZKB-0.6YN (Mitsubishi Electric Corp., Japan). The rotational speed was measured by a 
magneto-electric tachometer, MP-981 (ONO SOKKI CO., LTD). The torques and the rotational 
speeds were recorded using a digital display, TS-200 (ONO SOKKI CO., LTD) after reaching 
stable values to calculate the Cp and  value. For safety, the surroundings of the test section are 
covered with a protective net. The anemometer was located 0.03 m from the discharge plane, 
0.2 m above and 0.2 m inside the lower right corner away from the rotor. Note that the 
measured wind speed may include an error of approximately 5% due to the influence of the 
rotor rotation.  
A flowchart of the wind turbine experiments is shown in Fig. 2.5. After adjusting the wind 
speed and warm-up, the rotational speed and torque of the rotor were firstly measured under no 
load torque of the brake. Then, the author repeatedly adjusted the brake loads with the power 
controller and recorded them until the rotor stopped. Finally, the tip-speed ratio, , and power 
coefficient, Cp were calculated, with Eqs. (2.6), (2.7), respectively. 
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Fig. 2.5 Flowchart of experimental procedure in wind tunnel measurements. 
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Chapter 3 
Numerical simulation method 
 
In recent years, many manufacturers have introduced the tools of computer aided 
engineering (CAE) to reduce the development cost and time by reducing the number of 
prototypes, and the importance is increasing. In addition, numerical optimization techniques for 
optimizing shapes and operating conditions according to an objective function are also 
progressing. In this study, computational fluid dynamic (CFD) analyses and morphology 
optimizations were used for performance evaluations, visualization of flow field, and designs of 
small wind turbine rotors. Below, these methods are introduced. 
 
3.1 CFD simulation for wind turbines 
To investigate the aerodynamic performances and the near-field flow structures of rotor 
blades of small wind turbines, an extensive simulation-based study through CFD modeling of 
large-scale separated flows around a three-dimensional wind turbine model was conducted with 
the commercial software ANSYS CFX 15.0 (ANSYS, Inc., USA). Considering the balance 
between the calculation cost of turbulent flow and the accuracy, RANS (Reynolds Averaged 
Navier-Stokes) modeling of the turbulent flow with the SST (Shear Stress Transport) turbulence 
model (Menter, 1992; Menter, 1994) was adopted. The Reynolds averaged continuity equation 
and the Navier-Stokes equations can be written as, 
  0
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
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where i and j denote suffixes for tensor notation, Ui and xi are the flow velocity and position 
vectors, iu is the time varying component of velocity,  is the fluid density, p is the pressure, 
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and  is the viscosity, respectively. In SST model, the momentum equations are rewritten by 
two transport equations of the turbulent kinetic energy, k, and the turbulent frequency, , as 
below. 
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Here, t is the turbulence viscosity, and Pk is the turbulence production due to fluid viscous 
forces. These symbols in these equations are described as, 
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  2111 1   FF  . (3.15) 
Here, the coefficient values were ,2,0828.0,075.0,09.0,44.0,95 12121  k
.856.01,1,2 221    k F1 is a blending function of the k- and k- models, F2 is also a 
blending function for the limiter to the wall boundary layer, S is an invariant measure of the 
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strain rate, is the kinematic viscosity, and y is the distance to the nearest wall. You can find 
more details in ANSYS CFX solver theory guide, ANSYS Inc. The governing equations 
discretized in a manner of finite volume method. A “High resolution” mode in ANSYS CFX 
was chosen to ensure a 1st to 2nd-order upwind scheme for inviscid convection term. 
To resolve turbulent flow and flow separation around the rotating blade model, a 
multi-blocked hybrid grid system (Fig. 3.1 A) was employed with three sub-domains: an inner 
fine-mesh rotating cylindrical region (Fig. 3.1B) with a diameter of 1.1 D and a streamwise 
length of 0.2 D surrounding the turbine model, an intermediate-mesh static cylindrical region 
with a diameter of 1.5 D and a length of 7.5 D, and an outer coarse-mesh static cylindrical 
region with a diameter of 5.0 D and a length of 7.5 D. Tetra-prism meshes were generated with 
ANSYS-Meshing with seven layers of prism meshes adjacent to the blade (Fig. 3.1D). For the 
representative length of the blade chord was 0.15 m, the maximum grid size on the blade 
surface was set to 2.5 mm. The first layer thickness was fixed to 0.2 mm. Then, the averaged y+ 
on the surfaces calculated by following equations was 6.6 when the rotor diameter was 0.926 m, 
the wind speed was 5 m/s, and the rotating speed was 40 rad/s, which was the representative 
condition (ANSYS CFX solver theory guide, ANSYS Inc). 

 yuy

 , (3.16) 



wu  , (3.17) 
In these equations, y denotes a height of the first layer node from the blade surface, u is the 
friction velocity, and w is the wall shear stress. The number of grid elements in the fine-mesh 
rotating region was 3.3 million to 5.2 million, and the total number of grid points ranged from 
4.1 million to 6 million.  
A criterion for numerical convergence was used to check up whether the maximum residual 
of velocities and pressures was less than 0.00001, or the maximum iteration step is greater than 
2000. A physical convergence criterion was further adopted simultaneously to confirm if the 
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Fig. 3.1 Mesh systems for CFD simulations. (A) Computational domains around a wind 
turbine model. (B) A sample of wind turbine models, and (C) Rotating region around 
the turbine model. (D) A cross-sectional view of layered meshes near the blade 
surface. 
torque tends to converge to a steady state. It seemed that these physical and numerical 
convergence criteria together well ensured the accuracy and validity of the numerical results. 
Regarding the boundary conditions, a uniform incoming flow with 5% turbulence intensity was 
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Table 3.1 Numerical settings and boundary conditions 
Simulation type Steady 
Mesh type Tetrahedral-prism mesh 
Turbulence model Shear stress transport 
Inlet boundary 
Uniform flow with 5% turbulence 
intensity 
Outlet boundary 
Free inflow and outflow 
with 0 Pa pressure 
Wall boundary  
No-slip, smooth wall 
with automatic near wall treatment  
Interface between static 
and rotating regions 
Frozen rotor boundary 
 
set at inlet (Fig. 3.1A), and a free inflow and outflow condition was imposed at outlet 
boundaries with a relative pressure of 0 Pa. The rotor hub and blades were set to no-slip smooth 
wall. At interfaces between the inner rotating and outer static regions, a “Frozen Rotor (FR)” 
model was employed to give the rotor a prescribed constant rotating speed without changing the 
relative position to the static region so as to “freeze” the relative movements between two 
frames and hence ensure a steady-state solution. More details of the FR treatment can be found 
in ANSYS CFX solver modeling guide, ANSYS Inc. According to the setting described above, 
the flow structure and the torque generated by rotor models were calculated under several 
tip-speed ratios  by changing the rotational speed . 
 
 
3.2 Morphology optimization for aerodynamic performance 
A numerical optimization method was used for morphological optimizations of the small 
wind turbine blades with or without bio-inspired flexion shape. A series of optimization 
calculations were performed using ANSYS CFX in ANSYS Workbench environment with 
ANSYS DesignXplorer. The Adaptive Single Objective Optimization method was employed, in 
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which the space of the design variables was reduced until the output Cp reached a local 
maximum. A flow chart describing the optimization process is shown in Fig. 3.2, in which an 
initial response surface is prescribed through experiments with Optimal Space Filling (OSF) and 
the Kriging method, and then a Mixed-Integer Sequential Quadratic Programming (MISQP) 
optimization method is used to determine the optimal parameter set. In the Kriging method, the 
objective function is assumed to be  
)()()( xZxfxy  , (3.18) 
where y(x) denotes the unknown function of interest, f(x) is a polynomial function that provides 
a global approximation, and Z(x) is the realization of a normally distributed Gaussian random 
process with zero mean, variance 2 and nonzero covariance. Z(x) provides local deviations of 
the design space and can be written, along with the covariance matrix, as follows 
 
N
i ii
xxrxZ
1
),()(  , (3.19) 
   ),()(),( 2 jiji xxrRxZxZCov  , (3.20) 






  
2
1
exp),(
M
k
k
j
k
ikji xxxxr  , (3.21) 
where N expresses the number of sample points, r(xi,x) is the spatial correlation between two 
sample points xi and x, R is an N × N symmetric correlation matrix, k is the unknown parameter 
used to fit the model, and M is the number of design variables. More details of the optimization 
process can be found in ANSYS Design Exploration Users Guide, ANSYS Inc. 
In this study, the number of the design variables for the flexion blade was 9. In Fig. 3.2, the 
initial number of variables to draw the response surface was set to 36. The stopping criteria 
were also set as the maximum number of evaluations with MISQP, 160, and the maximum 
number of reductions of the variable space, 20. At *3 in the figure, the selected candidates were 
considered acceptable if further refinement of the response surface had not changed the 
selection of these candidates. At the last decision point *4, the candidates were considered 
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Fig. 3.2 Flow chart of the Adaptive Single Objective Optimization method in ANSYS 
DesignXplorer (ANSYS Design Exploration Users Guide, ANSYS Inc.). 
*1
 Initial 
number of variable sets was 36. 
*2
 Stopping criteria were the maximum number of 
evaluations with MISQP, 160, and the maximum number of reductions of the 
variable space, 20. 
*3
 Candidates were considered acceptable if further refinement of 
the response surface did not change the selection of these candidates. 
*4
 Candidates 
were considered stable if the differences between the output Cps of the candidates 
were less than 10
-5
. 
stable if the differences between the output Cps of the candidates had been less than 10
-5
. 
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Chapter 4 
Morphology effects of leading-edge serrations of owls 
 
4.1 Introduction 
Unique wing morphology in owls that is normally characterized by leading-edge serrations, 
trailing-edge fringes and velvet-like surfaces, is known to be responsible for achieving low 
noise gliding and flapping flights (Bachmann et al., 2012; Graham, 1934; Bachmann et al., 
2007). Barn owls (Tyto alba) and barred owls (Strix varia) can suppress the wing-induced 
aerodynamic sound to an extremely lower level of a frequency above 2 kHz during gliding or 
flapping flight (Lilley, 1998), which allows them capable of attacking prey like mice and voles 
easily. Focusing on the leading-edge serrations, since nocturnal owls using the auditory sense 
for hunting have higher-developed serrations than diurnal owls (Kopania, 2016; Weger and 
Wagner, 2016), it is thought that the serrations contribute to their silent flights. Recent studies 
(Wagner et al., 2017; Rao et al., 2017) have unveiled that the leading-edge serrations play a 
crucial role in aerodynamic force and sound production but how their morphology feature 
affects aerodynamic and acoustic performance still remains unclear. 
Although there have been many studies targeting at the leading-edge serrations of owls, the 
findings regarding its role in aerodynamic force production and sound suppression have been 
diverse or even controversial. Schwind and Allen (1973) reported that the leading-edge 
serrations could suppress the occurrence of separation bubbles in the vicinity of the 
leading-edge and the surface pressure fluctuations on NACA63-009 airfoil. Hersh et al. (1971; 
1974) attached serrations near leading-edge of NACA0012 airfoils and propellers. They 
concluded that the serrations could reduce vortex shedding tones and broadband noise. Ito 
(2009) conducted the aerodynamic force measurement and flow visualization by smoke for 
NACA63-414 by attaching jigsaw blades on the leading edge and showed that the saw-tooth 
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leading edge could delay the leading-edge separation and hence increased the lift coefficient at 
low Reynolds numbers. Cranston et al. (2012) operated aerodynamic force measurement and 
smoke wire visualization by adding different sized serrations to a flat plate, and reported that 
small serrations could increase the lift coefficient but larger ones turned to reduce the lift. Chen 
et al. (2016) measured the aero-acoustic noise distribution around a NACA0012 airfoil with 
leading-edge tubercles and showed that the narrower and the larger amplitude tubercles 
suppressed the sound production induced by the laminar boundary layer near trailing edge. 
Sarradj et al. (2011) performed flyover noise measurements of birds including Barn owl and 
showed the owl’s silent flight. Geyer et al. (2012; 2016a) tested realistic avian wings in acoustic 
wind tunnel, and showed the quietness of owls’ wings, especially at high AoAs by serrations. 
Geyer et al. (2016b) further conducted a test for a NACA0012 airfoil with leading-edge hook 
structures and addressed that the hook-like morphology played a key role in reducing low 
frequency noises below 1.6 kHz while increasing higher frequency through breaking up the 
turbulent eddies. Narayanan et al. (2015) and Chaitanya et al. (2015; 2016) significantly 
reduced aero-acoustic noise of flat plate and airfoil under turbulent flow by changing the 
combination of amplitude and wavelength of serrations. Sakai et al. (2015) measured flow field 
near leading edge of flat plate with sawteeth-like serrations by time-resolved PIV and 
Stereo-PIV, and considered the longitudinal vortices structures. Klän et al. (2009; 2010) and 
Winzen et al. (2014) conducted flow-visualization with particle image velocimetry (PIV) and 
force measurements with a 3D model wing model inspired by Barn owl but made of metal or 
silicon serrations. They concluded that the leading-edge serrations could lead to reducing 
lift-to-drag ratio but stabilize the leading-edge separation bubbles. In the recent study of the 
author’s group (Rao et al., 2017) by large-eddy simulations (LES), it was indicated that a 
serrated blade could passively control the laminar-turbulent transition to suppress the high 
frequency eddies, and hence led to sound suppression. 
The study of this chapter is aimed at providing a comprehensive understanding of 
morphology effects of the leading-edge serrations on aerodynamic force production and 
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performance. The author addressed an integrated study by utilizing Ural owl-inspired, 
single-feather, clean and serrated blade models with different lengths and spacing of the 
serrations, and by PIV and force measurements in the low-speed wind tunnel. The author 
demonstrated how a variation in the length and density of the leading-edge serrations affect lift 
and drag force production at low and high AoAs, and give an extensive discussion on the 
serration morphology-dependency of the serration-based mechanism associated with 
suppression of the vortex shedding-induced instability, as well as their correlations with lift and 
drag coefficients, and lift-to-drag ratios. 
 
4.2 Experimental materials 
As illustrated in Fig. 4.1, a 10th primary feather of an Ural owl, Strix uralensis japonica, 
was chosen as an original of owl-inspired single-feather blade model with leading-edge 
serrations. For comparison with other bird, a 10th primary feather of Common buzzard, Buteo 
buteo, is also shown in Fig. 4.1A. The feathers were provided by the Yamashina Institute for 
Ornithology in Japan. Morphological parameters of these feathers were measured based on the 
image taken by an optical scanner using the commercial software Rhinoceros (Robert McNeel 
& Associates, USA), and they are summarized in Table 4.1. The length of the wingspan was 
calculated from the wingspan line drawn in the figure along the base of the feather shaft. The 
projected area of the vane was obtained by extracting its outline manually with red lines, and the 
mean chord length was calculated based on the projected area and the wing span length. The 
mean length of the leading-edge serrations was then determined from the area surrounded by the 
blue and red lines as well as its span length and mean chord length. On the feather, 12 or 13 
serrations were present per 10 mm length in the span-wise direction (Fig. 4.1B).  
The owl-inspired blade models used in the experiments are illustrated in Fig. 4.2A, and the 
related parameters are summarized in Table 4.2. A clean blade model without leading-edge 
serrations is a rectangular flat plate with a wingspan of 150 mm and an aspect ratio of 5.0 with 
reference to the owl’s feather. The basic morphology of the serration is decided as rectangular  
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Fig. 4.1 (A) Photos of the 10th primary feathers of an Ural owl and Common buzzard with a 
ruler. The feathers were provided by the Yamashina Institute for Ornithology. Green 
straight lines along the feather shaft denote the span direction. The feathers are 
outlined by red lines, with the region of leading-edge serrations highlighted by blue 
and red lines. (B) Close-up view of the leading-edge serrations and a ruler with the 
smallest scale of 0.5 mm. 
 
 
 
Table 4.1 Morphological parameters of the 10th primary feathers of Ural owl 
and Common buzzard (N = 1). 
 
Ural owl Common buzzard 
Projected area (mm
2
) 3643 3524 
Wing span length (mm) 127.4 159.6 
Mean chord length (mm) 28.6 22.1 
Aspect ratio 4.45 7.23 
Mean length of serrations (mm) 2.5 - 
 
   28 
 
 
  
Table 4.2 Size parameters of artificial blade models. 
Model name 
blade span  
(mm) 
Chord length 
(mm) 
Serration width 
(mm) 
Serration length 
(mm) 
Number of  
serrations 
Clean 
150 30 
- - 0 
Ser 3mm N150 
0.5 
3 150 
Ser 6mm N150 6 150 
Ser 3mm N50 
150 
30 0.5 
3 50 
Ser 3mm N100 3 100 
Ser 3mm N187 3 187 
Ser 3mm Filled 33 - - 0 
 
 
Fig. 4.2 (A) Owl feather and artificial blade models with clean and serrated leading-edges. In 
counter-clockwise order: “Real”, “Clean”, “Ser 3mm N150”, “Ser 6mm N150”, “Ser 
3mm Filled”, “Ser 3mm N187”, “Ser 3mm N100”, and “Ser 3mm N50” blade 
models. (B) Close-up view of the leading-edge serrations of “Ser 6mm N150”. (C) 
Micrograph of the serration tip.  
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with a width of 0.5 mm and a length of 3 mm, and the total number of serrations is 150 (named 
Ser 3mm N150). To investigate the morphological effects of leading-edge serrations on 
aerodynamic performance, seven types of leading-edge serrations were designed  with 
different lengths (Ser 6mm N150) and different spacing or density (Ser 3mm N50, N100, N187,  
see in Fig. 4.2). To further confirm the influence of the effective aspect ratio caused by 
serrations, a blade model with a chord length extended by 3 mm was produced (Ser 3mm Filled). 
All the blade models (flat plates) were fabricated by a wire electric discharge machine and 
composed of aluminium with a thickness of 1.0 mm. Note that with a specific focus on the 
essential aerodynamic effects of comb-like serrations, The author neglected the inclination 
(bend and twist) angles and the realistic three-dimensional shapes of the serrations. To diminish 
the reflection of laser sheet for PIV measurements, the blade models used in the experiments 
were all painted matte black.  
The aerodynamic characteristics and flow fields of all blade models were evaluated by force 
measurement and PIV based visualization in the low-speed wind tunnel as mentioned in Chapter 
2. The wind speeds were set to 3.0 and 5.0 m/s because these speeds were within the range of 
the normal flying speed of owls when attacking prey (Winzen et al., 2014). Reynolds numbers 
of the flow around the models calculated by Eq. (4.1) were 5.9 × 10
3
 and 9.8 × 10
3
, which 
corresponded to the two wind speeds. 

cU
Re  (4.1) 
Here, c denotes the chord length without serrations, U is the wind speed, ρ is the air density, and 
 is the viscosity.  
 
4.3 Results and discussion 
4.3.1 Aerodynamic characteristics: lift, drag and lift-to-drag ratio  
As illustrated in Figs. 4.3 and 4.4, the morphological effects of leading-edge serrations on 
aerodynamic performance were evaluated by comparing the time-averaged lift and drag 
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Fig. 4.3 Comparison of the lift and drag coefficients (upper) and lift-to-drag ratio (lower) 
versus the angles of attack (-15° < AoA < 45°) among clean and two serrated blade 
models with lengths of 3 and 6 mm at an incoming velocity of 3 m/s (right) and 5 
m/s (left). Note that the points are plotted based on the average of two measurements 
and the error bars mean the difference from each averaged value. 
coefficients as well as the lift-to-drag ratios via AoAs. These effects were studied in terms of the 
serration length (Fig. 4.3) and the serration spacing or density (Fig. 4.4) over a broad range of 
AoAs from -15° up to 45°. As observed in the previous study (Rao et al., 2017), for all serrated 
models, the leading-edge serrations led to a pronounced reduction in aerodynamic force 
production at lower AoAs < 15° compared with the clean leading edges and were capable of 
achieving a comparable aerodynamic performance at higher AoAs > 15°, which owl wings often 
reach in flight. However, obvious discrepancies were also observed among the serrated blade 
models in terms of morphological effects. An increase in serration length results in a reduction 
in the lift coefficient but produces only limited changes in the drag coefficient compared with 
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Fig. 4.4 Comparison of the lift coefficients (upper) and lift-to-drag ratio (lower) versus the 
angles of attack (-15° < AoA < 45°) among the clean, chord-extended (filled) and 
serrated blade models with numbers of 50, 100, 150, 187 at an incoming velocity of 
3 m/s (left) and 5 m/s (right). Note that the points are plotted based on the average of 
two measurements and the error bars mean the difference from each averaged value.  
 
AoAs less than 15°; hence, a reduction in the lift-to-drag ratio was observed. An increase in the 
serration number (which corresponded to a reduction in serration spacing) led to a reduction in 
the lift coefficient and lift-to-drag ratio at AoAs less than 15°. Interestingly, the reduction in lift 
coefficient caused by the increase in serration number was not simply monotonous but showed a 
reverse trend at a point between the “Ser3mm N187” blade and the “Ser3mm Filled” blade (Fig. 
4.4). This finding implies that the serration-induced effects on aerodynamic force production 
may no longer occur when the serration “density” becomes sufficiently large; however, this 
phenomenon is beyond the scope of the current study and will be discussed in the future work. 
Furthermore, although a similar feature of the morphological effects was observed at speeds of 
3 and 5 m/s, the aerodynamic performance in terms of the lift coefficient and lift-to-drag ratio 
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was slightly better at AoAs less than 15° at a higher wind speed of 5 m/s (Figs. 4.3, 4.4), 
implying that there may exist some Reynolds number effect. Note that the lift coefficients 
associated with serrated blades is calculated by including the area of serrations, which indicates 
that the lift forces of the serrated blades can be actually enhanced by serrations at AoAs larger 
than 15°. 
The author’s results therefore demonstrate that leading-edge serrations play a crucial role in 
aerodynamic force production in a large parametric space, including the serration morphology 
and aspect ratio, wind speed and Reynolds number, which commonly lead to two featured 
characteristics (Rao et al., 2017; Winzen et al., 2014): a ‘sensitive zone’ with AoAs less than 15° 
corresponding to a pronounced reduction and a ‘robust zone’ with larger AoAs that achieve 
equivalent aerodynamic performance between clean and serrated blades.  
On the other hand, the author also sees in the literature of some diverse or even controversial 
findings regarding the role in aerodynamic force production and sound suppression that, for 
instance, in specific cases, the serrated blade models could show better aerodynamic 
performance compared with that of clean blades (Ito, 2009; Cranston et al., 2012). Obviously, 
further investigation in detail should be conducted with consideration of other important factors 
such as the three-dimensional morphology of the leading-edge serrations as well as the 
Reynolds number effects.  
 
4.3.2 PIV-based flow structures 
In this study, PIV-based flow visualization of the near-field around clean and serrated blades 
was used to investigate how the leading-edge serrations passively control the flow during 
laminar-turbulent transitions, with a focus on the featured flow separation and reattachment 
within both the ‘sensitive zone’ with AoAs less than 15° and the ‘robust zone’ with larger AoAs.  
Fig. 4.5 illustrates the mean velocity distributions around clean and serrated blades at 3 m/s 
and an AoA of 5°, where the leading-edge serrations were observed to lower the aerodynamic 
performance in the serrated blades (Figs. 4.3, 4.4). The velocity fields were visualized in terms 
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Fig. 4.5 Mean velocity distributions around blades with or without leading-edge serrations at 
U = 3 m/s and AoA = 5º. Flow velocities are visualized in terms of arrows for 2D 
velocity vectors and colors for magnitudes. The white line denotes the wing surface, 
whereas the black area denotes the blade’s shadow. 
of iso-speed contours, and the in-plane speed-magnitude varies from 0 (blue) to 4.2 m/s (red), 
with vector arrows showing the magnitudes and directions of the velocities and white lines 
indicating the blade surfaces include serrations. As observed in the previous study (Rao et al., 
2017), an obvious flow separation at the leading edge was observed in the clean (Fig. 4.5A) and 
Ser 3mm Filled (Fig. 4.5G) blades. This separation is likely caused by the sharp leading-edge 
and the adverse pressure gradient, which reattaches onto the upper surface of the mid-blade and 
forms a separation bubble, i.e., the leading-edge vortex. This finding supports the results by 
(Schwind and Allen, 1973; Klän et al., 2010; Winzen et al., 2014). In all the serrated blades, 
however, a long suction-flow region was observed with a delay of reattachment (Figs. 4.5B-F) 
on the entire upper surface, indicating that the suction flow remains in a completely laminar 
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state because of the serrations. Because of the lack of a leading-edge vortex, the serrated blades 
show poor aerodynamic performance in the lift coefficients and lift-to-drag ratios (Figs. 4.3, 
4.4). This finding again confirms the previous results indicating that there is a trade-off in which 
serrated blades stabilize the flow by delaying the laminar-turbulent transition and reducing the 
aerodynamic performance (Rao et al., 2017). 
Furthermore, morphological effects among different serrated blades were observed. The 
longer or denser (serration number) leading-edge serrations, such as “Ser 6mm N150” (Fig. 
4.5C) or “Ser 3mm N187” (Fig. 4.5F), led to a larger low-speed region without reattachment, 
which occurred throughout the upper surface. This result is consistent with those by Schwind 
and Allen (1973), illustrating the crucial morphological role of the leading-edge serrations in 
filtering leading-edge bubbles and passively controlling the laminar-to-turbulence transition as 
well as its association with the reduction in aerodynamic performance (Fig. 4.3, 4.4).  
In the previous study of the author’s group (Rao et al., 2017), CFD results were revealed 
that in addition to increases in the AoA up to 10° or larger, the leading-edge vortex increased 
rapidly, which increased the difficulty of localizing the mean reattachment point from the 
velocity fields. In the current work, instead of focusing on the mean velocity, the author 
investigates and discusses the feature of velocity fluctuations in the direction perpendicular to 
the mainstream as shown in Fig. 4.6 at U = 3 m/s and AoA = 10°. Moreover, in the “Clean” (Fig. 
4.6A), “Ser 3mm N50” (Fig. 4.6D) and “Ser 3mm Filled” (Fig. 4.6G) blade models, a high 
velocity-fluctuation region is observed starting from the vicinity of the mid-chord, and it creates 
a large region downstream at the trailing edge. In contrast, the blades with longer and denser 
serrations obviously correspond to a velocity-fluctuation region that is largely reduced and 
receded to the trailing edge (Figs. 4.6B, C, E, F). It is known that, according to the previous 
results, the clean blade results in a free shear layer at the separation point, where the 
Kelvin-Helmholtz (KH) instability occurs, thereby causing oscillations of the separated shear 
layer; however, the serrated blades are capable of passively controlling the turbulent flow, thus 
entraining momentum to reattach over the mid-chord and forming a fully developed turbulent 
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Fig. 4.6 Contours of velocity fluctuations in the direction perpendicular to the mainstream 
around the blade models at U = 3 m/s and AoA = 10º. White line denotes the wing 
surface, and the black area denotes the blade’s shadow. 
boundary layer downstream. The present results indicate that for all the serrated blades, 
although the serration morphology can result in high-fluctuation regions of different size and 
strength, the essential mechanism appears to be the same, with the leading-edge vortex broken 
up into a number of small eddies, which mitigates the Kelvin-Helmholtz instability within the 
separated shear layer to suppress the vortex shedding while leading to enhancing stability of the 
suction flow. 
The velocity fluctuation at a larger AoA of 20° and a larger wind speed of 5 m/s was further 
investigated as illustrated in Fig. 4.7. The velocity fluctuations in the clean blade (Fig. 4.7A) 
and the “Ser 3mm Filled” blade (Fig. 4.7G) become more pronounced and show significantly 
higher instability than the serrated blade model (Figs. 4.7B-F), and they correspond to a much 
larger region of laminar-turbulent transition. However, the velocity fluctuations at the leading 
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Fig. 4.7 Contours of the velocity fluctuations in the direction perpendicular to the 
mainstream around the blade models at U=5 m/s and AoA=20º. White line denotes 
the wing surface, and the black area denotes the blade’s shadow. 
 
edges of the clean and serrated blades show comparatively similar features. Because the suction 
flow at the leading edge plays a key role in inducing the local negative pressure distribution, 
this similarity implies that the leading-edge serrations are capable of ensuring similar negative 
pressure distributions at the leading edge and hence achieving a comparable aerodynamic 
performance with that of the clean blade (Figs. 4.3, 4.4).  
The following is an extensive discussion on the relationship between flow fluctuations and 
sound production. Based on the previous results, in which lower flow fluctuations were shown 
to lead to a lower level of sound generation, the size and strength of the velocity-fluctuation 
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regions among clean and serrated blades were compared. At AoAs of 10° and 20°, the clean 
blades (Figs. 4.6A, 4.7A) and the “Ser 3mm Filled” blades (Figs. 4.6G, 4.7G) present large 
regions of velocity fluctuations at the mid-chord and trailing edge, and these regions are 
associated with the laminar-turbulent transition. However, the serrated blade models with 
different morphologies (Figs. 4.6B-F, 4.7B-F) showed much lower magnitudes of velocity 
fluctuations throughout the upper surface, thus corresponding to the shedding of trailing-edge 
vortices. This indicates that the leading-edge serrations are capable of suppressing velocity 
fluctuations to a lower level from the leading edge to the trailing edge and hence can stabilize 
the flow through the laminar-turbulent transition at the mid-chord. 
 
4.4 Conclusions 
An experimental study of the morphological effects of leading-edge serrations on 
aerodynamic force production was conducted by using Ural owl-inspired, single-feather, clean 
and serrated blade models with leading-edge serrations of different lengths and spacing by 
combining PIV-based flow visualization and force measurements in a low-speed wind tunnel. 
The findings are summarized as follows.  
1) All morphologies of the leading-edge serrations correspond to a reduction in the lift 
coefficients and lift-to-drag ratios at AoAs < 15° compared to clean leading edge but show a 
capability of achieving a comparable aerodynamic performance at AoAs > 15°.  
2) Discrepancies are observed among the different serration morphologies, with an increase in 
the length and density of the leading-edge serrations leading to a reduction in the lift 
coefficient and lift-to-drag ratio at AoA < 15°. 
3) A reduction in the lift coefficient caused by an increase in the serration number does not 
show a simple monotonous trend but presents reversible points associated with the serration 
density.  
4) Leading-edge serrations play a crucial role in aerodynamic force production in terms of the 
large parametric space, which universally leads to two featured characteristics: a ‘sensitive 
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zone’ with AoAs < 15°, which correspond to a pronounced reduction, and a ‘robust zone’ 
with larger AoAs, which achieve equivalent aerodynamic performance between clean and 
serrated blades. 
5) Longer or denser (serration number) leading-edge serrations correspond to a larger 
low-speed region throughout the upper surface without reattachment. This result points to 
the crucial morphological role of the leading-edge serrations in filtering leading-edge 
bubbles and passively controlling the laminar-to-turbulence transition. 
6) Serrated blades with different morphologies show much lower velocity fluctuations on the 
upper surface, capable of reducing sound production and suppressing velocity fluctuations to 
stabilize the flows because of the laminar-turbulent transition at the mid-chord. 
For simplicity, in this study the inclination angles and the realistic three-dimensional shapes 
of the leading-edge serrations were neglected and other morphological characteristics of 
trailing-edge fringes and velvety surfaces also, which may also play key roles and present 
interactive and complementary effects on flow control and aero-acoustic suppression of serrated 
blades. Therefore, a more realistic model of owl wings will be further investigated to reveal how 
owls utilize the morphological characteristics to achieve silent gliding and flapping flights. 
Once determined, the novel mechanisms could be applied to biomimetic designs for flow 
control and aero-acoustic noise suppression in wind turbines, aircrafts, multi-rotor drones and 
other fluid machinery. 
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Chapter 5 
Bio-inspired Flexion Blade Design for Micro 
Wind Turbines 
 
5.1 Introduction 
For the installation locations, the wind conditions for the small wind turbines are likely to be 
unstable and the turbines need to operate with various tip-speed ratios. Li et al. (2009) reported 
that the gust factor (the ratio of the maximum instantaneous wind speed to the mean wind 
speed) was recorded to be over 1.7 in urban terrain, and Sunderland et al. (2013) estimated that 
the turbulence intensity greatly affected the output performance of small wind turbines. One 
solution for adapting to the various tip-speed ratios is implementing a mechanism to vary the 
pitch of the blades (Singh and Ahmed, 2013). Such a variable-pitch mechanism, however, tends 
to increase mechanical complexity and production cost. To improve the performance of 
low-cost small wind turbines without any moving parts, several aerodynamic blade design 
studies have been conducted. Wright and Wood (2004) analysed small wind turbines of 1.94 m 
in diameter using quasi-steady blade element theory, demonstrating that starting torque was 
mainly generated near the roots of the blades and torque in rated operation was mainly 
generated near the blade tips. Lanzafame and Messina (2007; 2009) modified BEM (Blade 
Element Momentum) theory and proposed a double-pitch non-twisted blade. They also 
proposed a design strategy in which the blade shape was improved for high-speed wind 
(Lanzafame and Messina, 2010). In general, blade shapes have been optimized for a specific 
operating condition using BEM theory; hence, a blade shape adapting to a broad range of 
tip-speed ratios is not yet established. 
Classical turbines are designed to operate within a narrow zone centerd on their optimal 
working points, which vary with tip-speed ratios. This aerodynamic limitation leads to 
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Fig. 5.1 Flexed wings of flying birds in flight. (A) Brown booby, Sula leucogaster. (B) 
Black-footed albatross, Diomedea nigripes. (C) Common gull, Larus canus. (D) 
Red-throated Diver, Gavia stellate. All photos by courtesy of Yoshiya Odaya 
(Abiko City Museum of Birds, Japan). 
uncertainty in achieving desirable energy harvesting performance in a natural turbulent wind 
environment, normally involving significant energetic and economic losses. Insect and bird 
wings have a sophisticated design that enables robust aerodynamic force production and stable 
flight while showing a high capability to achieve turbulence rejection. Their flapping wings also 
undergo a broad range of AoAs due to the cyclic downstroke and upstroke of the wings. 
Moreover, animals’ wing sizes are predominantly within the range of the blade length of small 
wind turbines. Hence, bioinspired design is assumed to have the potential to improve the 
aerodynamic robustness of small wind turbine blades. For example, Miklosovic et al. (2004) 
and Fish et al. (2011) reported that tubercles on the leading edge of a humpback whale flipper 
delay stall at large AoAs, resulting in high lift, and the application of leading-edge tubercles to 
blades could increase wind turbine power output. 
Inspired by bird wings that normally flex with some swept-back angle (Fig. 5.1), the author 
proposes a bird-inspired, biomimetic flexed wing design for wind turbine blades. Birds may 
benefit from such wing flexion in terms of aerodynamic force production and flight stability. 
Pennycuick (1968) reported that pigeons swept-back their wings with increasing flight speed. 
Videler et al. (2004) conducted flow visualization experiments on a swept-back wing model of 
swifts and revealed that the swept-back wing generated a stable leading-edge vortex that may 
enhance lift production. Lentink et al. (2007) measured the aerodynamic force of swifts’ wings 
by changing the swept-back angle and showed that the angle had a large influence on their flight 
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characteristics. For MW-class wind turbines, gently curved blades with a swept-back outer 
region have been studied with the aim of producing 5 to 12% more power output than a straight 
blade (Larwood et al., 2014; Ashwill and Kanaby, 2010). Notably, flexed bioinspired blades 
designed to adapt to a wide range of tip-speed ratios for small wind turbines have not been 
studied to date. 
In this chapter, a flexed blade design for small wind turbines was investigated to achieve a 
high Cp over a broad range of , hence enhance the aerodynamic robustness. Firstly, a basic 
blade model was designed with a rectangular configuration to a spanwise distribution of a pitch 
angle based on BEM theory. Then, a bird-inspired flexed blade model based on the basic blade 
was designed and its aerodynamic characteristics were investigated with computational fluid 
dynamic (CFD) simulations. Further, a morphological optimization of the basic straight blade 
and the flexed blade models was carried out with an iterative CFD-based optimization approach 
to improve Cp over a broad range of . A prototype bioinspired flexion blade model was also 
proposed and employed to validate the CFD simulations through comparison with wind tunnel 
measurements. Moreover, a new index, termed the Robustness Index (Ri), was introduced to 
evaluate the aerodynamic robustness under variable tip-speed ratios in an integral way. Cp -  
curves for different blade models were comprehensively compared and evaluated with the 
robustness indices. 
 
5.2 Methods 
5.2.1 Basic wind turbine model 
   As illustrated in Fig. 5.2, a basic blade model was designed as a three-bladed small wind 
turbine based on the commercial Ampair 100 small wind turbine (Ampair Energy Ltd., UK) 
with a rotor diameter Drotor of 926 mm, a hub diameter Dhub of 228 mm. The aerofoil 
cross-section was set to MEL012. All of the design parameters of the basic blade model are 
summarized in Table 5.1. The MEL012 aerofoil as illustrated in Fig. 5.3A was originally 
developed by AIST (National Institute of Advanced Industrial Science and Technology, Japan)  
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Fig. 5.2 A basic blade model of small wind turbines, BEMT and a 3-D CAD model. (A) 
Upstream-side frontal view and pitch angles of the blade sections. (B) Side view. 
 
Fig. 5.3 (A) Wing profile of the MEL012 aerofoil. (B) Lift and drag curves of MEL012 
measured in a wind tunnel at Re = 1.0 × 10
5
. These geometry and force data were 
taken from a public database by AIST (currently unavailable). 
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Fig. 5.4 Schematic diagrams of momentum theory drawing flow around a wind turbine (left) 
and velocity and force vectors around a blade element at of the radius r (right).  
and has a sophisticated cross-sectional profile for wind turbines with high lift-to-drag ratios at a 
low Reynolds number of Re = 10
5
 while achieving a gentle stall characteristic up to an AoA of 
18° (Fig. 5.3B in AIST database) based on two-dimensional wind tunnel testing. The spanwise 
distribution of the pitch angles is determined by using BEM theory that calculates the local 
forces on a wind turbine blade by combining both blade element theory and momentum theory 
(Wood, 2011). From the conservation laws of mass flow rate, energy, moment and angular 
momentum, the main flow direction component U1 and the rotational direction component W1 of 
the flow velocity hitting a blade element at the radius r are expressed as follows, 
Table 5.1 Design parameters of a small BEMT wind turbine 
Rotor diameter, D (mm) 926 
Hub diameter, Dhub (mm) 228 
Number of blades 3 
Wind velocity, U (m/s) 5 
Rotational speed, ω (rad/s) 34.6 
Tip speed ratio, λ  3.2 
Aerofoil MEL012 
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where a denotes the axial induction factor and a’ is the rotational interference factor. From the 
balance of momentum and angular momentum, the thrust force T and torque Q acting on a 
thin-area 2πrdr of the actuator disk are described as below. 
 draaUrdT  14 2  (5.3) 
  drraaUdQ 314    (5.4) 
On the other hand, dT and dQ can be expressed as following equations from forces acting on the 
blade element. 
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 rdrCCcNUdQ DLT  cossin
2
1 2   (5.6) 
       2221
2
1 11  raUarWUUT   (5.7) 
 
 ar
aU



1
1
tan

  (5.8) 
Here, UT means the total velocity, c is the chord length at the radius r, N is the number of blades 
and φ is the inflow angle. CL and CD are the lift and drag coefficients. By solving these 
equations iteratively to maximize the power coefficient, distributions of chord length and twist 
angle can are obtained. To design the basic blade model, the design tip-speed ratio , expressed 
by Eq. (2.6), was set to 3.2. The relative AoA was fixed at 5° to simplify solving the design 
variables, so the lift and drag coefficients were given as 0.862 and 0.0351, respectively. Because 
a loss by spanwise flows was not called into account in the blade element theory, the Prandtl tip 
loss factor was considered for the design (Wood, 2011). The 3-D geometric blade model with an 
aspect ratio of 3.44 was generated using 3-D CAD software (DesignModeler, ANSYS Inc.). The 
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spanwise distributions of the chord lengths and pitch angles are summarized in Table 5.2. 
Hereafter, this basic blade model is called the BEMT blade. Note that the blade thickness varies 
with the chord length because of the constant aerofoil profile. For instance, a shorter chord 
length results in a smaller thickness. To simplify the comparison between the straight and flexed 
blades, all of the blades described in this section possess the same pitch angle distribution and 
sectional profile as the BEMT blade does. 
An incoming wind velocity, U, as depicted in Fig. 5.2B, is set to be 5.0 m/s, which is 
slightly smaller than the typical rated wind speed of commercial small wind turbines such as the 
Ampair 100 (10 m/s) or Airdolphin GTO (Zephyr Corp., Japan; 11 m/s) but is thought 
reasonable to represent the weak wind environments at urban sites. A representative Reynolds 
number for wind turbines may be expressed as 
 


22
Re
RUCm  , (5.9) 
where Cm (m) denotes the mean chord length, R (m) the radius of the rotor, and  (m
2
/s) the 
kinetic viscosity of air, respectively. Here, Re is calculated to be 1.86 × 10
5
 with , , Cm, and  
equal to 40 rad/s, 3.70, 0.15 m, and 1.545 × 10
-5
 m
2
/s, respectively.  
The performance of the wind turbine model was evaluated with CFD simulations. The CFD 
modeling is described in Section 3.1. The incoming flow speed is set to 5 m/s with 5% 
turbulence intensity as shown in Table 3.1. A torque generated by the rotor models was 
calculated while varying the rotating speed from 10 to 70 rad/s by 10 rad/s, which was equal to 
tip-speed ratios  ranging from 0.93 to 6.48. Then, these power coefficients were estimated by 
Eq. (2.7).  
Table 5.2 Spanwise distribution of chord lengths and pitch angles of a BEMT blade 
Chord number 1 2 3 4 5 
r (m) 0.114 0.201 0.288 0.376 0.463 
c (m) 0.128 0.135 0.111 0.081 0.031 
 (degree) 38.1 22.1 14.6 10.3 7.5 
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Table 5.3 Range of the design variables for the shape optimization 
 c1 (m) c2 (m) c3 (m) c4 (m) c5 (m) x2 (m) x3 (m) x4 (m) x5 (m) 
Max. 0.2 0.21 0.2 0.2 0.2 
0.15155  
(1 = 60°) 
0.15155 0.15155 0.0505 
Min. 0.1 0.1 0.1 0.05 0.03 
0 
(1 = 0°) 
0 0 -0.089 
 
5.2.2 Optimization method of blade morphology 
Here, an optimization approach of small wind turbine blades with flexion shape is 
introduced. The target of the optimization is to maximize Cp for the predetermined set of U, 
and  (Table 5.1). Design variables of the flexed blade are illustrated in Fig. 5.5. There are five 
representative chord lengths, c1-5, and four chordwise offsets, x2-5, where the subscripts 
correspond to the chord numbers. Search ranges for the design variables are summarized in 
Table 5.3. These ranges were set as a result of examining the effect of the flexion shape on a 
rectangular blade model. The maximum swept-forward angle at wing base is approximately 60° 
at x2 = 0.15155 m, whereas the maximum swept-back angle at wingtip is approximately 70° at 
x4 = 0.15155 m and x5 = -0.089 m. The pitch angle of each chord was set to be the same as that 
defined for the BEMT blade (Table 5.2). A numerical method of the optimization is mentioned 
in Section 3.2. In order to compare the morphological effect of the flexed shape, similar 
optimization was also conducted on the straight-blade. The number of design variables is 5, the 
 
 
Fig. 5.5 Design variables for configuration optimization of the curved wing viewed from 
upstream side. Note that the chord length is constantly distributed in spanwise. 
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chord lengths c1-5. The aerodynamic characteristics of these optimized blade models were 
calculated with CFD method over a wide range of , and compared. 
 
5.2.3 Wind Tunnel Experiments 
For validation of the CFD results, torque measurements was conducted in the low-speed 
wind tunnel for the small wind turbine equipped with a prototype blade model as described in 
subsection 5.3.3. The wind tunnel specifications and experimental methods are described in 
sections 2.1 and 2.4, respectively.  
The prototyped blades were designed and fabricated with a 2-mm-thick hollow structure 
made of CFRP (carbon fibre reinforced plastic) shells. They were confirmed to have sufficient 
stiffness without distinguished deformations during rated speed rotations. The rotors with a 
diameter of 0.926 m were fixed onto an aluminium hub with a diameter of 0.154 m. The hub 
was specifically designed to hold the blades tightly, which was slightly modified from the 
original blade geometry at wing base (Fig. 5.6). The Cp -  curves were measured under the 
incoming wind speed of 3, 5 and 7 m/s, and compared with the CFD results for validation. 
 
5.3 Results and Discussion 
5.3.1 Verification and Validation 
Verification of the CFD model was first undertaken with a specific focus on its 
self-consistency in terms of mesh independency, criterion of convergence, and boundary 
conditions. Criterion for mesh density was implemented in two-fold. Quality of the meshes was 
controlled by an index termed “element quality” in ANSYS-Meshing as defined below, and 
confirmed with the averaged value close to 0.7 for both original and fine meshes, 
32 )(

Edgelength
Volume
CQuality , 
(5.10) 
where C is a constant that varies dependent on mesh structure, for instance in the present study, 
124.70765802 for tetra-mesh but 62.35382905 for prism-mesh, respectively. Mesh density was 
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determined through refining the minimum mesh size or spacing adjacent to blade surface, which 
was controlled by 
Re
1.0
min
Length
 , (5.11) 
where Re is Reynolds number (Re = 1.86×10
5
) and Length is the mean chord length of 0.15 m. 
A minimum thickness of the first prism layer adjacent to blade surface was calculated to be 
 
Fig. 5.6 Front-and side-view of a prototype rotor with bioinspired-flexion blades (upper), and 
a snapshot of experimental setup (lower). The distance between outlet and rotor is 
approximately 57 cm. 
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approximately 0.2 mm. The meshes were further clustered to the regions at blade surface and 
large curvatures (Fig. 3.1D). An extensive study of mesh dependency was conducted for a 
rectangular blade model with two different mesh systems of the original case (4.46 million 
meshes) (Fig. 3.1A) and a fine case (9.35 million meshes). For a test case with a rotational 
speed  of 40 rad/s and tip-speed ratio  of 3.70, power coefficients Cp were calculated to be 
0.382 (original) and 0.381 (fine), respectively. Therefore to save computer time, all simulations 
in the present study were carried out with the original mesh.  
Validation of the CFD simulations was then executed by comparison of power coefficients 
with wind-tunnel measurements over a broad range of tip-speed ratios (Fig. 5.7). Note that the 
configurations of the hub and the wing base of the blade were slightly modified to fit into each 
other (Fig. 5.6). The CFD-based Cp values at 5 and 7 m/s are all in good agreement with the 
measurements over a broad range of  from 2.0 to 6.0, whereas at the low velocity of 3 m/s, the 
CFD results show a comparatively higher Cp, which is attributed mainly to measurement errors 
in the wind tunnel experiments as seen from the large error bars in Fig. 5.7. The Cp curve in Eq.  
 
Fig. 5.7 Comparison of Cp curves between CFD and measurements for a prototype rotor with 
bioinspired-flexion blades. Cp is calculated based on Eq. (2.7). 
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(2.7) was observed to be more sensitive to wind speed at lower wind speeds, and measurement 
errors may result in augmenting the estimation errors in the calculation of the Cp curve. In the 
experiment with the wind speed of 3 m/s, the actual wind speed might be slightly less than 3 
m/s. We, therefore, further carried out a CFD simulation at a wind speed of 2.85 m/s and 
calculated the Cp with U = 3 m/s for the denominator of Eq. (2.7), finding that the computed Cp 
agrees well with the EXP results at the speed of 3 m/s.  
 
5.3.2 Blade Flexion Effects 
Aerodynamic effects of blade flexion in terms of inner swept-forward and outer swept-back 
angles were investigated with three models with the flexion at 25% (inner-flexion blade), 50% 
(mid-flexion blade), and 75% blade length (outer-flexion blade) in spanwise, and compared 
with the rectangular blade model. As depicted in Fig. 5.8, given the chord length of 0.15 m, the 
chordwise offset was defined with three flexion points of x2, x3, and x4, which vary from 0 to 
0.12 m; the maximum swept-forward angle, , the maximum swept-back angle, , and the 
minimum flexion angle, , were obtained of 54.0°, 24.6°, and 102° for the inner-flexion blade, 
34.5°, 34.5°, and 110° for the mid-flexion blade, and 24.6°, 54.0°, and 102° for the outer-flexion 
blade, respectively. Simulations were conducted at three tip-speed ratios of 0.926, 2.778, and 
5.556, corresponding to three rotational speeds of 10, 30, and 60 rad/s, respectively. Note that 
the  value of 2.778 is close to the set point of 3.2 (Table 5.1) used for defining pitch angles of 
the BEMT blade. 
In the inner-flexion blade, it is seen that at larger flexion angles (x2 > 0.08 m) a higher Cp is 
generated at the smaller  of 0.926 compared with that of the rectangular blade (x2 = 0 m) but a 
lower Cp is observed at the larger  of 5.556 (Fig. 5.8A). The optimal flexion is calculated to be 
x2 = 0.06 m ( = 34.5°), where an increase in Cp is obtained by 33% at  = 0.926 and by 8.5% at 
 = 5.556, compared to that of the rectangular blade, whereas at  = 2.778 a slight decrease by 
1.5% is observed. 
To elucidate the blade flexion effects on aerodynamics, the near-field flows were further 
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visualized in terms of pressure contours and instantaneous streamlines. As illustrated in Fig. 5.9 
pressure contours on downstream surface of the inner-flexion blade (Fig. 5.9A) with x2 of 0.06 
m are compared with those of the rectangular blade (Fig. 5.9B) at the lower  of 0.926. The 
inner-flexion blade obviously creates a larger negative pressure region at leading-edge of the 
inner-half region (Fig. 5.9A), which is responsible for increasing the positive rotational torque 
and hence augmenting the power coefficient, Cp. Visualization of instantaneous streamlines (Fig. 
5.10A) further reveals that this large negative pressure region on the swept-forward part is 
induced by a leading-edge vortex (LEV) attached coherently on the inner-flexion surface from 
basal part to mid-blade in the inner-flexion blade, which is absent in the rectangular blade (Fig. 
5.10B). The LEV is a high-lift enhancement mechanism, which is widely observed in 
low-Reynolds number regime of insect and bird flights (Liu et al., 2016). Very likely it is also 
responsible for enhancing the aerodynamic performance in the bird-inspired flexion blade of 
micro wind turbines.  
In the outer-flexion blade (Fig. 5.8C), a higher Cp is observed at the larger  of 5.556 rather 
than the rectangular blade, with an increase in the maximum Cp by 42% at x4 = 0.09 m and  = 
45.9°. Pressure contours as depicted in Fig. 5.11 show that the positive pressure region at 
leading edge of the outer swept-back part is decreased in the outer-flexion blade (Figs. 5.11A, C, 
E) compared with the rectangular blade (Figs. 5.11B, D, F), which leads to reducing the 
negative rotational torque and hence increasing the power coefficient Cp (Fig. 5.8C). This is 
considered due to an interaction between the LEV and a blade tip vortex (TiV). A spanwise flow 
is further observed along the swept-back leading edge of the outer blade in instantaneous 
streamlines (Figs. 5.12A, C for outer-flexion blade and Figs. 5.12B, D for rectangular blade), 
corresponding to the reduction in the positive pressures (Fig. 5.12A).  
In the mid-flexion blade, the interaction between LEV and TiV results in distinguished 
improvement in power coefficients compared with those of the inner-flexion and the 
outer-flexion blades. A moderate flexion with x3 = 0.06 m improves Cp at the larger  of 5.556 
by 16% above that of the rectangular blade (Fig. 5.8B), while no significant improvement is 
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observed at the smaller  of 0.926 except for the case of x3 = 0.12 m, which shows an increase 
of 29%. 
In conclusion, the results indicate that the swept-forward inner blade is capable of 
improving Cp at lower  because of the LEV mechanism whereas the swept-back outer blade 
can improve Cp at larger  owing to the interaction between LEV and TiV. 
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Fig. 5.8 Calculated power coefficients of (A) inner-flexion blade, (B) mid-flexion blade, and 
(C) outer-flexion blade. Note that x2,3,4 = 0 corresponds to a rectangular blade model 
without flexion. 
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Fig. 5.10 Instantaneous streamlines on downstream surfaces of the inner-flexion blade (A) 
and the rectangular blade (B) (x2 = 0.06 m,  = 0.926). A leading-edge vortex 
(LEV) is observed attached coherently on the inner flexion blade. Velocities and 
streamlines are visualized in a blade-fixed coordinate system. 
 
Fig. 5.9 Pressure contours on downstream surfaces of the inner-flexion blade (A) and the 
rectangular blade (B) (x2 = 0.06 m,  = 0.926). Negative pressures on leading-edge 
surface contribute to increasing positive rotational torques. 
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Fig. 5.11 Pressure contours on downstream and upstream surfaces of the outer-flexion blade 
(A, C, E) and the rectangular blade (B, D, F) (x4 = 0.09 m,  = 5.556). 
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Fig. 5.12 Instantaneous streamlines on downstream surfaces of the outer-flexion blade (A, C) 
and the rectangular blade (B, D) (x4 = 0.09 m,  = 5.556). 
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5.3.3 Blade Optimization and Aerodynamic Robustness 
Two different optimized blades were obtained with the CFD-based optimization method as 
described in subsection 5.2.2: an optimized flexion blade with variable chordwise offsets x2-5 
and an optimized straight blade with zero x2-5 in Fig. 5.5. In addition, inspired by bird wings, a 
bioinspired-flexion blade was further designed by manually modifying the chord lengths of the 
outer-flexion blade as described in subsection 5.3.2. Upstream-side views of the three blades are 
shown in Fig. 5.13 and their geometric parameters are summarized in Table 5.4. The sectional 
pitch angles are taken the same as those of the BEMT blade (Table 5.2). Note that the 
bioinspired-flexion blade has a steeper swept-forward inner leading edge and a steeper 
swept-back outer leading edge than the optimized flexed blade, which are expected to enable 
achievement of better Cp for both high and low  based on the discussion in the previous 
section. 
Firstly, the Cp curves of the optimized-flexion blade, the BEMT blade, and the rectangular 
blade were compared over a broad range of  from 0.926 to 6.482, corresponding to rotational 
speeds of  = 10 ~ 70 rad/s in Fig. 5.14. A summary of the calculated Cp and  is given in Table 
5.5. The optimized-flexion blade outperforms the other blades with the highest peak Cp = 0.403 
at  of 3.704, while achieving comparatively better power coefficients over a broad range of 
tip-speed ratios. While the BEMT blade shows a slight improvement for  > 5.556, Cp decreases 
significantly when  is less than 4.63. The rectangular blade shows an improved Cp at  = 2.778 
or lower compared with the other two blades, but a drastic decline is observed for  > 3.704. 
These results indicate that the optimized-flexion blade is capable of achieving better 
aerodynamic performance in terms of power coefficients over a broad range of  compared with 
two conventional blades.  
An extensive comparison of Cp among the optimized-flexion blade, the optimized- straight 
blade, the bioinspired-flexion blade, and the BEMT blade were further conducted as shown in 
Fig. 5.15. From Table 5.5 and Fig. 5.15, it can be seen that the optimized and bioinspired blades 
are capable of achieving better aerodynamic performance, significantly outperforming the 
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BEMT blade over a broad range of tip-speed ratios. While the optimized and bioinspired blades 
reach peaks of Cp at  = 3.704, the optimized-flexion blade outperforms both of them by 1.2% 
and 2.3% higher, respectively. The optimized-flexion blade obviously produces a higher Cp than 
the optimized-straight blade throughout the range of , and this trend becomes even more 
pronounced at larger , achieving Cp 5.8% higher at  = 5.556 and 28.4% higher at  = 6.482, 
respectively. This is thought due to the swept-back flexion at blade tip, which as explained in 
the previous section is capable of reducing the positive pressure at leading edge and hence 
augmenting the power coefficient, Cp. Moreover, it seems that the bioinspired-flexion blade 
benefits from lower tip-speed ratios, achieving a significant improvement in Cp at  = 0.926 
with a marked increase of 22.1% compared with the optimized-flexion blade. Here the inner 
swept-forward flexion was confirmed to be responsible for enhancing the production of an LEV 
and a negative pressure region at leading edge as discussed previously. 
In general, a sophisticated blade design for wind turbines is expected to be capable of 
achieving higher peak power coefficients with higher average power coefficients over a broad 
range of tip-speed ratios. Although optimizing the peak power coefficient is normally the design 
set point, complex turbulent wind environments in real fields usually generate wing fluctuations 
in space and in time, resulting in a broad range of unstable and transient tip-speed ratios, which 
can significantly reduce the rated power output of a wind turbine. Therefore, the robustness of 
aerodynamic performance and power output under variable tip-speed ratios can be a key factor 
in the evaluation of wind turbines. Here, an index is proposed called the “Robustness Index 
(Ri)”, which is defined as 
B
PmaxLR
p
C
dC
Ri
R
L
)( 






, (5.12) 
where the numerator denotes an integral of the Cp- curve covering the shadowed area with  
ranging from L to R as shown in Fig. 5.14, and the denominator represents a rectangular area 
with a Cp equivalent to C
B
Pmax, i.e., the Betz limit of 0.593. Therefore, given a range of tip-speed 
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ratios, a higher Ri corresponds to a better robustness of the power output. Note that, in principle, 
an ultimate Ri approaches 1.0 when C
B
Pmax is achieved at all . 
Ri values for all of the blade models were calculated using Eq. (5.4) and summarized them 
in Table 5.6 with the BEMT blade as the standard for comparison. The optimized-flexion blade, 
the optimized-straight blade, and the bioinspired-flexion blade show significantly higher Ris 
than the BEMT blade, with increases of 8.1%, 5.4%, and 7.0%, respectively. The rectangular 
blade is the worst case, with a reduction of -8.5% from the standard BEMT case. It should be 
noted that the robustness index Ri proposed here could be higher at larger  but lower at smaller 
 because it depends upon the Cp- curve based on Eq. (5.4). This implies that a comparison of 
aerodynamic robustness between different ranges of tip-speed ratios may not be meaningful and 
that there are points to be improved in the future. However, given a specific range of tip-speed 
ratios, the robustness index can be an effective measure and hence provide with a new strategy 
to evaluate the aerodynamic robustness of different wind turbines in a consistent way.  
These results indicate that the biomimetic flexion blade designs proposed here in the forms 
of the optimized-flexion blade and bioinspired-flexion blade outperform other blades in terms of 
both the maximum Cp at the designed  and the robustness ratio Ri over a broad range of . This 
points to the importance and great potential of the biomimetic design in improving the 
aerodynamic performance of wind turbines and can provide a new robustness-oriented 
methodology and strategy for the evaluation of the practical power output of wind turbines. 
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Table 5.4  Shape parameters of two optimized blades, bioinspired-flexion blade, BEMT 
blade, and rectangular blade 
 c1 (m) c2 (m) c3 (m) c4 (m) c5 (m) x2 (m) x3 (m) x4 (m) x5 (m)  (°)  (°) 
Optimized-flexion 0.193 0.168 0.138 0.112 0.081 0.0200 0.0095 0.0016 -0.0023 12.9 24.0 
Optimized-straight 0.191 0.174 0.136 0.108 0.066 0 0 0 0 0 0 
Bioinspired-flexion 0.175 0.202 0.166 0.120 0.046 0.02 0.04 0.06 0 12.9 34.5 
BEMT 0.128 0.135 0.111 0.081 0.031 0 0 0 0 0 0 
Rectangular 0.15 0.15 0.15 0.15 0.15 0 0 0 0 0 0 
 
 
 
 
 
 
 
 
 
  
 
Fig. 5.13 Upstream-side views of (A) optimized-flexion blade, (B) optimized-straight blade, 
and (C) bioinspired- flexion blade. 
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Fig. 5.14 Comparison of power coefficients Cp vs tip-speed ratio  of three blades: 
optimized-flexion blade, BEMT blade, and rectangular blade. A robustness index 
denotes an integral of Cp curve between  = 0.926 ~ 6.482. 
Table 5.5 Power coefficients (Cp) and tip-speed ratios  of five blades: optimized-flexion 
blade, optimized-straight blade, bioinspired-flexion blade, BEMT blade, and 
rectangular blade. 
ω (rad/s) 10 20 30 40 50 60 70 
λ 0.926 1.852 2.778 3.704 4.63 5.556 6.482 
Optimized-flexion 0.087 0.322 0.393 0.404 0.365 0.269 0.107 
Optimized-straight 0.086 0.316 0.389 0.398 0.355 0.254 0.083 
Bioinspired-flexion 0.106 0.322 0.382 0.394 0.359 0.264 0.102 
BEMT 0.056 0.243 0.357 0.380 0.353 0.276 0.139 
Rectangular 0.090 0.349 0.395 0.376 0.297 0.147 -0.089 
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Fig. 5.15 Comparison of power coefficients vs tip-speed ratios of four blades: 
optimized-flexion blade, optimized-straight blade, bioinspired-flexion blade, and 
BEMT blade. 
Table 5.6 Comparisons of Robustness Indices (Ri) 
 Optimized-flexion Optimized-straight Bioinspired-flexion BEMT Rectangular 
Ri 0.519  0.505  0.513  0.480 0.439 
Ratio to BEMT 1.081 (+8.1%) 1.052 (+5.2%) 1.069 (+6.9%) 1 (0%) 
0.915 
(-8.5%) 
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5.4 Conclusions 
In this study, a bird-wing-inspired, flexed blade design was proposed for small wind turbines 
and a systematic study of its aerodynamic performance was conducted in terms of the power 
coefficient (Cp) over a broad range of tip-speed ratios () by combining computational fluid 
dynamic modeling, morphological optimization, and wind tunnel measurements. It was found 
that the swept-forward portion of the flexed blade proximal to the wing root augmented the Cp 
at smaller  whereas its distal swept-backward portion could enhance the production of the Cp at 
larger , and hence they, in toto, improved the power output over a broad range of . 
Morphological optimization of the flexed blade on chord lengths and flexion angles 
demonstrated that the optimized-flexion blade was capable of achieving improvements in power 
coefficient over the broad range of tip-speed ratios, which interestingly fitted well with the 
morphology of a bioinspired-flexion blade. To evaluate the aerodynamic robustness under 
variable wind turbine tip-speed ratios in an integral way, a new Robustness Index (Ri) was 
further proposed, and it was found that the optimized-flexion blade achieves the best robustness 
in power output, outperforming the conventional BEMT blade by 8.1%. These results 
demonstrate that biomimetic blade design is of importance and great potential for wind turbines 
and that robustness-oriented blade design can provide a practical and effective methodology for 
innovation in wind turbine design for complex natural turbulent environments.  
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Chapter 6 
Conclusions and future tasks 
 
6.1 Concluding remarks 
In the present thesis, related to noise reduction and enlarging the operation range of small 
wind turbines, two types of bird inspired structure, that is, the leading-edge serrations of owls 
and the effect of flexion shape of bird wings was studied.  
Fixed flat blades with different length and spacing of leading-edge serrations were made 
with reference to a 10th primary feather of an Ural owl, Strix uralensis, for an experimental 
study of the morphological effects on aerodynamic force production using with force 
measurements and PIV-based flow visualization. As a result, although all types of leading-edge 
serrations reduced the lift coefficients and lift-to-drag ratios at AoAs < 15º, the serrations can 
stabilize the velocity fluctuations on the upper surface that seems to lead to reduce aero-acoustic 
noise emission. These effects become stronger as the serrations are longer or denser. 
The flexion shape was introduced as a design variable of the blade for small wind turbines 
and the performance was calculated by CFD, then it was found that the power coefficient (Cp) at 
different tip-speed ratios () can be improved by the flexion position. In addition, it was 
revealed that flexed blade designed by morphological optimization has higher efficiency over a 
broad range of  than that the optimized-straight blade by introducing the new Robustness 
Index (Ri). 
From these results, it was shown that bio-inspired engineering technology can contribute to 
noise reduction and improving the robustness of efficiency for small wind turbines by 
introducing new design variables not conventionally used, and it has great potential in rotating 
blade design. 
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6.2 Future tasks 
In the study, the serration shape is rectangular in order to simplify the fabrication, but the 
actual serration has a tapered shape with three-dimensional warping, and no case studying the 
shape in detail has been seen. In order to understand the aerodynamic effect of actual serrations 
in more detail, it is necessary to consider the aspect ratio of the taper, the inclination of the 
spanwise direction, and the three- dimensional shape. The findings obtained in such study seem 
to be more useful for noise reduction of small wind turbines and various rotating blade. 
Separately, in this time the serration size was close to the actual, but in fact it is difficult to 
manufacture and apply to small wind turbine blades. It seems necessary to consider a practical 
shape suitable for mass production. 
Regarding the flexion shape, only a single airfoil was used for considering the effect this 
time. By conducting similar investigations on flat blades with camber shape and other aerofoils, 
it will lead to understand the detailed effect of the flexion shape and its applicable range.  
Finally, these morphologies may be effective not only for small wind turbines but also for 
axial and diagonal flow fans. Unlike the wind turbines, fans are required to increase a pressure 
of air and discharge it, and most of them are covered with casings. Since investigating whether 
this method can be applied to such fans also leads to deepening the understanding of the 
bio-inspired design, the study is expected with CFD and measurements in the future. 
 
 
 
 
 
 
 
